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HIGHLIGHTS 


•  The  phosphonic  acid  polymeric  submicrocapsules  are  designed  and  synthetized. 

•  The  submicrocapsules  have  multifunctions  in  water  retention  and  proton  transfer. 

•  The  composite  membranes  exhibit  high  water  uptake  and  water  retention. 

•  The  composite  membranes  exhibit  high  proton  conductivity  under  low  humidity. 
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Phosphonic  acid  polymeric  submicrocapsules  (PASCs)  are  synthesized  and  incorporated  into  a  sulfonated 
poly(ether  ether  ketone)  (SPEEK)  matrix  to  prepare  composite  membranes.  The  microstructure  and 
physicochemical  properties  of  the  PASCs  and  the  membranes  are  characterized  by  transmission  electron 
microscopy  (TEM),  energy  dispersive  X-ray  (EDX),  field  emission  scanning  electron  microscope  (FESEM), 
thermogravimetric  analysis  (TGA)  and  Fourier  transform  infrared  spectroscopy  (FTIR).  Compared  with 
the  SPEEK  control  membrane,  the  PASC-filled  composite  membranes  exhibit  elevated  water  uptake  and 
proton  conductivity  at  25  °C  and  100%  relative  humidity  (RH).  The  proton  conductivity  depends  strongly 
on  water  content  within  the  membranes.  Under  40  °C  and  20%  RH,  the  composite  membrane  filled  with 
15  wt.%  PASCs  (128  nm  lumen)  shows  the  highest  proton  conductivity  of  0.0142  S  cm-1  after  90  min 
testing,  about  twelve  times  higher  than  that  of  the  SPEEK  control  membrane  (0.0011  S  cm-1),  which  is 
positively  correlated  with  the  water  retention  of  the  membrane.  These  results  suggest  that  the  PASC- 
filled  composite  membranes  may  find  encouraging  application  as  efficient  water-retention  and 
proton-conduction  materials  in  proton  exchange  membrane  fuel  cells  (PEMFCs). 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

For  a  proton  exchange  membrane  fuel  cell  (PEMFC),  the  mem¬ 
brane  is  a  core  and  performance-determinant  component,  through 
which  proton  transfers  from  anode  to  cathode  to  fulfill  the  con¬ 
version  of  chemical  energy  into  electrical  energy  [1].  Generally, 
proton  transfers  through  a  PEM  via  two  principal  mechanisms 
[2,3]:  one  is  vehicle  mechanism  wherein  proton  diffuses  as  water- 
solvated  species,  such  as  H30+,  H502+,  H703+  and  H904+;  the 
other  is  Grotthuss  mechanism  wherein  proton  hops  from  one  water 
molecule  or  functional  group  to  the  next  by  forming  and  breaking 
of  hydrogen  bonds.  Accordingly,  water  in  PEMs  is  vital  to  proton 
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transfer  and  thus  it  is  crucial  to  acquire  membranes  with  high  water 
retention,  especially  under  low  humidity  [4,5]. 

To  this  end,  various  efforts  have  been  devoted  to  enhancing 
water  retention  of  PEMs,  for  example:  (i)  introducing  abundant 
hydrogen-bonding  sites  for  water  molecules  by  incorporating  hy¬ 
groscopic  fillers,  such  as  solid,  porous  and  hollow  organic  or  inor¬ 
ganic  fillers  into  membranes  [6-15];  (ii)  enhancing  the 
hydrophilicity  of  membranes  by  grafting  or  blending  with  hydro¬ 
philic  materials  [16-18];  (iii)  acquiring  the  optimum  free  volume 
characteristics  or  hydrophilic  domains  by  manipulating  membrane 
microstructure  [19-22].  Among  them,  incorporating  hygroscopic 
fillers  into  membranes  has  been  demonstrated  as  a  convenient  and 
efficient  approach.  Recently,  polymeric  microcapsules  were 
discovered  to  exhibit  unique  features  in  water  retention.  For 
instance,  Wang  et  al.  prepared  imidazole  polymeric  microcapsules 
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(IMCs)  and  embedded  them  into  PEMs  (e.g.  sulfonated  poly(ether 
ether  ketone)  (SPEEK))  to  improve  membrane  water  retention  [13]. 
Compared  with  the  control  membrane,  the  composite  membrane 
filled  with  15  wt.%  IMCs  exhibited  about  seven  times  higher  water 
retention  and  over  ten  times  higher  proton  conductivity  under 
relative  humidity  (RH)  as  low  as  20%.  For  polymeric  microcapsules, 
the  functional  groups  on  the  shell  played  crucial  roles  in  tuning 
water  retention  properties  of  the  microcapsules  and  the  mem¬ 
branes.  In  another  study,  Wang  et  al.  synthesized  three  kinds  of 
polymeric  microcapsules  with  carboxylic  acid,  sulfonic  acid,  and 
pyridyl  groups  on  the  shell  (designated  as  PMC-C,  PMC-S,  and  PMC- 
N,  respectively)  [14].  Carboxylic  acid  group  on  the  microcapsule 
shell  possessed  the  highest  hydration  energy,  which  conferred  the 
PMC-Cs  and  the  PMC-C-filled  membranes  the  highest  bound-water 
content.  As  a  result,  the  PMC-C-filled  membranes  displayed  the 
lowest  water  release  and  the  highest  water  retention,  and  hence 
the  highest  proton  conductivity.  In  contrast,  pyridyl  group  of  PMC- 
Ns  possessed  the  lowest  hydration  energy.  Consequently,  the  PMC- 
N-filled  membranes  showed  the  lowest  water  retention  and  sub¬ 
sequently  the  lowest  proton  conductivity  under  identical  condi¬ 
tions.  It  can  be  thus  envisaged  that  developing  polymeric 
microcapsules  with  both  high  water-retention  and  high  proton 
conduction  is  essential  to  high  performance  PEM. 

Although  carboxylic  acid  group  shows  high  water  retention 
property,  its  intrinsic  proton  conductivity  is  low,  due  to  its  weak 
acidity  and  low  dissociation  (e.g.  pKa  =  4.19  for  benzoic  acid)  [23]. 
In  comparison,  phosphonic  acid  group  can  also  render  superior 
water  retention  property  [10],  arising  from  its  high  binding  energy 
[24].  Meanwhile,  phosphonic  acid  group  exhibits  high  self¬ 
dissociation  and  dissociation  constant  is  1.42  (phenylphosphonic 
acid),  in  turn  conferring  phosphonic  acid-bearing  materials  higher 
Grotthuss-type  proton  conductivity  than  carboxylic  acid-bearing 
materials  [25,26].  In  addition,  phosphonic  acid  group  possesses 
pronounced  amphoteric  properties,  i.e.  good  proton  donor  and 
acceptor  properties,  accompanying  with  fast  dynamic  hydrogen- 
bond  networks  [25].  The  above  features  may  endow  phosphonic 
acid  group  with  high  proton  conductivity  under  the  practical 
operating  conditions  of  fuel  cells.  To  the  best  of  our  knowledge, 
phosphonic  acid  polymeric  microcapsules  have  rarely  been 
exploited  as  the  versatile  fillers  in  PEMs. 

In  this  study,  phosphonic  acid  polymeric  submicrocapsules 
(PASCs)  were  designed  and  synthesized  via  a  facile  distillation- 
precipitation  polymerization  [10,27,28].  The  PASCs  were  then 
embedded  into  a  SPEEK  matrix  for  preparing  a  series  of  composite 
membranes.  The  compositions,  structure  and  physicochemical 
properties  of  the  PASCs  and  the  membranes  were  characterized  by 
Fourier  transform  infrared  spectroscopy  (FTIR),  transmission  elec¬ 
tron  microscopy  (TEM),  energy  dispersive  X-ray  (EDX),  field  emis¬ 
sion  scanning  electron  microscope  (FESEM),  and 
thermogravimetric  analysis  (TGA).  Water  retention  properties  and 
proton  conductivity  of  the  PASCs  and  the  membranes  at  40  °C  and 
20%  RH  were  evaluated.  Furthermore,  methanol  barrier  property  of 
the  membranes  was  investigated. 

2.  Experimental 

2.2.  Materials  and  chemicals 

3-(Methacryloxy)propyltrimethoxysilane  (MPS,  98%)  and  tet¬ 
raethyl  orthosilicate  (Si(OEt)4,  TEOS,  98%)  were  provided  by  Aldrich 
Chemical  Co.,  Inc.  Ethyleneglycol  dimethacrylate  (EGDMA,  98%)  and 
dimethyl  vinylphosphonate  (DMVP,  98%)  were  supplied  by  Alfa 
Aesar  and  purified  by  vacuum  distillation.  2,2'-Azoisobutyronitrile 
(AIBN)  as  analytical  grade  was  purchased  from  Tianjin  and  recrys¬ 
tallized  from  methanol.  Acetonitrile  (analytical  grade,  Tianjin 


Chemical  Reagent  II  Co.)  was  dried  with  calcium  hydride  and  pu¬ 
rified  by  distillation  prior  to  utilization.  Hydrofluoric  acid  (HF, 
containing  40%  of  HF)  was  available  from  Tianjin  Chemical  Reagent 
Institute.  Dimethylformamide  (DMF),  sulfuric  acid  and  methanol 
were  of  analytical  grade  and  used  without  any  further  purification. 
De-ionized  water  was  used  throughout  the  study. 

2.2.  Synthesis  of  the  PASCs 

Silica  particles  with  different  diameters  were  synthesized  ac¬ 
cording  to  classical  Stober  method  [29]  and  the  MPS-modified  silica 
submicrospheres  were  obtained  by  coupling  silica  alcosol  particles 
according  to  the  literature  [30].  A  typical  procedure  for  synthesizing 
core-shell  phosphonate  polymeric  submicrospheres  (PSs)  with 
silica  core  and  phosphonate  shell  was  [27,28]:  MPS-modified  silica 
(0.30  g),  EGDMA  (0.60  mL),  DMVP  (1.00  mL),  and  AIBN  (0.032  g) 
were  dissolved  in  acetonitrile  (80  mL)  in  a  dried  flask,  attached  with 
a  fractionating  column,  Liebig  condenser  and  a  receiver.  The  reaction 
mixture  was  heated  from  room  temperature  till  the  boiling  state 
within  10  min  and  the  reaction  mixture  was  kept  under  reflux  state 
for  further  10  min.  After  40  mL  acetonitrile  was  distilled  off  from  the 
reaction  system,  the  reaction  was  stopped  and  the  resultant  core¬ 
shell  PSs  were  purified  by  repeated  centrifugation,  decantation,  and 
resuspension  in  acetonitrile  with  ultrasonic-bathing  for  three  times. 
The  hybrid  particles  were  immersed  in  40%  HF  solution  for  2  h.  Then 
the  excess  HF  and  newly  formed  SiF4  were  expelled  out  by  several 
centrifugation/washing  cycles  in  water  till  the  pH  of  7.  Subsequently, 
the  synthesized  phosphonate  polymeric  submicrocapsules  were 
dispersed  into  excess  HC1  aqueous  solution  (10  mol  L_1 )  at  100  °C  for 
24  h.  Three  kinds  of  PASCs  with  lumen  sizes  of  128, 204  and  335  nm 
were  obtained  and  designated  as  PASCs-1#,  PASCs-2#  and  PASCs- 
3#,  respectively.  The  resultant  PASCs  were  finally  dried  in  a  vac¬ 
uum  oven  at  50  °C  until  constant  weight. 

2.3.  Preparation  of  SPEEK 

PEEK  (28  g)  was  dried  at  60  °C  till  constant  weight  followed  by 
dissolving  in  concentrated  sulfuric  acid  (200  mL,  H2SO4,  OS- 
OS  wt.%)  with  vigorous  stirring  at  room  temperature  for  3  h  and 
then  at  45  °C  for  another  8  h.  The  sulfonation  reaction  was  termi¬ 
nated  by  precipitating  the  polymer  solution  into  water  under 
continuous  agitation.  The  precipitate  was  washed  repeatedly  with 
de-ionized  water  until  the  pH  of  7,  and  then  dried  at  room  tem¬ 
perature  for  2  days  followed  by  drying  at  60  °C  for  24  h  under 
vacuum.  The  degree  of  sulfonation  (DS)  of  SPEEK  was  determined 
by  acid-base  titration. 

2.4.  Preparation  of  the  membranes 

An  aliquot  of  PASCs  were  dispersed  into  DMF  (3.0  mL)  solution 
with  ultrasonic  treatment  and  stirred  for  12  h.  Simultaneously, 
SPEEK  (0.7  g)  was  dissolved  into  DMF  (4.0  mL)  solution  and  stirred 
vigorously  at  room  temperature  for  24  h.  Then,  these  two  solutions 
were  mixed  under  vigorous  stirring  for  another  2  h.  After  degas¬ 
ification,  the  mixture  was  cast  onto  a  clear  glass  plate  and  dried  at 
60  °C  in  a  vacuum  oven  for  12  h,  and  then  at  80  °C  for  another  12  h. 
After  cooling  down  to  room  temperature,  the  membrane  was 
peeled  off  from  the  glass  plate.  Then  the  membrane  was  immersed 
into  2.0  M  H2SO4  solution  for  2  days  and  rinsed  with  de-ionized 
water  until  the  pH  of  7,  and  then  dried  under  vacuum  at  60  °C. 
The  composite  membranes  were  designated  as  SPEEK/PASCs-N-X, 
where  N  (=1,  2,  or  3  #)  represented  the  type  of  the  synthesized 
PASCs,  and  X  (=2.5,  5, 10  or  15)  was  the  weight  percentage  of  the 
fillers  to  SPEEK.  The  SPEEK  control  membrane  was  also  fabricated 
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for  comparison  purpose  and  designated  as  SPEEK.  All  the  mem¬ 
branes  in  our  study  were  of  thickness  in  the  range  of  55-70  pm. 

2.5.  Characterizations 

Transmission  electron  microscopy  (TEM,  Tecnai  G2  20  S-TWIN) 
was  used  to  detect  the  morphology  of  PASCs.  Field  emission  scan¬ 
ning  electron  microscope  (FESEM,  Nanosem  430)  was  utilized  to 
observe  the  morphology  of  the  membranes  after  the  membranes 
being  freeze-fractured  in  liquid  nitrogen  and  then  sputtered  with  a 
thin  layer  of  gold.  Fourier  transform  infrared  spectra  (FTIR)  of  the 
samples  were  probed  on  a  Bio-Rad  FTS  135  instrument  in  the  range 
of  4000-400  cm-1  with  a  resolution  of  4  cm1  at  room  tempera¬ 
ture.  The  content  of  phosphorus  of  the  PASCs  was  measured  by  EDX 
using  FESEM.  Zeta  potential  was  detected  using  a  Zeta  PALS 
(Brookhaven  Instrument  Cooperation)  through  measuring  the 
electrophoretic  mobility  of  the  PASCs  at  neutral  pH  and  room 
temperature.  Thermogravimetric  analysis  (TGA,  NETZSCH- 
TG209F3)  data  of  the  samples  was  obtained  from  40  to  800  °C 
with  a  heating  rate  of  10  °C  min1  under  nitrogen  flow. 

2.6.  Water  uptake,  water  release,  water  retention  and  area  swelling 
measurements 


2.7.  Methanol  permeability 


Methanol  barrier  property  of  the  membranes  was  investigated 
using  a  glass  diffusion  cell  consisting  of  two  compartments  with 
identical  volume.  The  membrane  was  fully  hydrated  in  water  and 
then  clamped  tightly  between  two  compartments.  The  two  com¬ 
partments  were  then  filled  with  water  and  2.0  M  methanol  solu¬ 
tion,  respectively.  Under  magnetic  stirring,  the  methanol 
concentration  in  the  water  compartment  was  detected  using  a  gas 
chromatography  (Agilent  6820)  equipped  with  a  Thermal  Con¬ 
ductivity  Detector  (TCD)  and  a  DB624  column.  Methanol  perme¬ 
ability  (P,  cm2  s_1)  was  the  average  of  three  measurements  with  an 
error  within  ±5.0%  and  calculated  according  to  Eq.  (5): 


p=SVbL 

ACa  o 


(5) 


where  S  is  the  slope  of  the  straight  line  of  concentration  versus 
time,  Vb  is  the  solution  volume  of  the  receipt  compartment,  l,  A,  and 
Cao  are  the  membrane  thickness,  effective  membrane  area  and 
methanol  feed  concentration,  respectively. 


2.8.  Ion-exchange  capacity  (IEC) 


Before  measurements,  the  samples  were  dried  in  a  vacuum  oven 
at  80  °C,  the  weight  (Wdry)  and  area  (Adry)  were  measured.  The 
samples  were  then  immersed  in  deionized  water  at  room  tem¬ 
perature.  The  weight  (Wwet)  and  area  (Awet)  after  complete  hydra¬ 
tion  were  measured.  The  final  values  of  water  uptake  and  area 
swelling  were  taken  as  the  average  of  three  measurements  with  an 
error  within  ±3.0%  and  calculated  by  Eqs.  (1 )  and  (2),  respectively: 

Water  uptake  (%)  =  ^wet  ^dry  x  100  (1) 

Wdry 

Area  swelling  (%)  =  x  100  (2) 

''dry 

Then  the  samples  were  set  in  a  climate  box  with  a  constant 
temperature  and  humidity  of  40  °C  and  20%  RH  and  weighted  at 
time  t  (VVWet  t).  Water  release  and  water  retention  were  calculated 
by  Eqs.  (3)  and  (4),  respectively: 

Water  release  (%)  =  -  ^et  f  x  100  (3) 

Wwet  —  Wdry 

Wwet  t  —  Wdr v 

Water  retention  (%)  = - — - -  x  100  (4) 

Wdry 


IEC  of  the  samples  was  determined  by  acid-base  titration. 
Samples  were  immersed  in  2  M  NaCl  solution  for  at  least  24  h  to 
convert  the  H+  ions  into  Na+  ions.  Then  the  solution  was  titrated 
using  0.01  M  NaOH  with  phenolphthalein  as  indicator.  The  process 
was  repeated  three  times  and  the  IEC  values  with  an  accuracy  of 
0.01  mmol  g-1  were  obtained  from  the  following  Eq.  (6): 

IEC  (mmol  g"1)  =  2±±1M±±oh  (6) 

where  WjaOH  *s  the  consumed  volume  of  NaOH  solution,  and  Wd  is 
the  dry  weight  of  the  samples. 

2.9.  Proton  conductivity 

Proton  conductivity  of  the  membrane  was  measured  by  the  AC 
impedance  spectroscopy  method  in  vertical  direction,  and  the 
membrane  resistance  was  tested  using  a  frequency  response 
analyzer  (FRA,  Compactstat,  IVIUM  Tech.)  with  a  potential  of  20  mV 
in  a  frequency  range  of  106-1  Hz.  The  testing  temperature  was 
controlled  by  a  climate  box  under  20  and  100%  RH.  To  better 
analyze  the  function  of  water  on  proton  transfer  in  the  PEM,  the 
measurement  was  conducted  at  low  temperatures.  The  sample  was 
completely  hydrated  in  water  prior  to  measurement.  Proton  con¬ 
ductivity  (cr,  S  cm-1)  was  calculated  from  the  Eq.  (7): 


Fig.  1.  TEM  images  of  (a)  PASCs-1#,  (b)  PASCs-2#,  and  (c)  PASCs-3#. 
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a 


AR 


(7) 


where  l,  A,  and  R  are  the  membrane  thickness,  the  effective  mem¬ 
brane  area  and  the  membrane  resistance,  respectively. 


3.  Results  and  discussion 

3  A.  Characterization  of  the  PASCs 

Three  kinds  of  PACSs  with  similar  shell  thickness  but  different 
lumen  sizes  were  synthesized,  and  their  morphology  was  observed 
by  TEM  as  depicted  in  Fig.  1.  It  could  be  found  that  the  PASCs  were 
clearly  resolved  by  well-defined  capsular  configuration  with  dense 
shell  and  large  lumen.  The  lumen  sizes  were  128  (PASCs-1#),  204 
(PASCs-2#)  and  335  nm  (PASCs-3#),  respectively,  and  the  shell 
thickness  for  all  the  PASCs  was  about  85  nm,  which  was  robust 
enough  to  preserve  the  hollow  structure.  The  physicochemical 
properties  of  the  PASCs  were  characterized  by  FTIR,  EDX  and  TGA 
(Fig.  2).  The  presence  of  the  functional  groups  on  the  shell  was 
probed  by  FTIR  in  Fig.  2a.  The  characteristic  peaks  at  about  1251  and 
1154  cm-1  were  assigned  to  the  stretching  vibration  of  P=0.  The 
P-0  bending  vibration  peak  appeared  at  967  cm-1  [31  ].  In  addition, 
the  peak  at  1728  cm-1  was  attributed  to  the  C=0  stretching  vi¬ 
bration  of  the  PASCs.  The  content  of  phosphorus  was  recorded  by 
EDX  in  Fig.  2b  and  the  calculated  results  were  listed  in  Table  1.  The 
phosphorus  content  was  about  18.0  wt.%  and  the  calculated  phos- 
phonic  acid  loading  amount  was  about  47.1  wt.%,  which  was  com¬ 
parable  to  the  literature  results  [32].  The  surface  chemical  property 
was  probed  by  Zeta  PALS,  which  revealed  that  the  zeta  potential 
values  were  -51.82  (PASCs-1#),  -52.54  (PASCs-2#)  and  -52.85  mV 
(PASCs-3#)  (Table  1),  respectively,  suggesting  that  there  were 
abundant  electronegative  charges  on  the  PASCs  surface.  TGA  traces 
of  the  PASCs  in  Fig.  2c  showed  a  gradual  weight  loss  from  150  °C, 
due  to  the  reversible  desorption  of  water  produced  by  the  self¬ 
condensation  of  phosphonic  acid  groups  [33].  The  major  weight 
loss  began  at  about  340  °C  was  attributed  to  the  irreversible 
degradation  of  the  C-P  bond  [33].  The  above  results  indicated  that 
three  kinds  of  PASCs  with  controllable  structure  and  abundant 
phosphonic  acid  groups  on  the  shell  were  successfully  synthetized. 


3.2.  Characterization  of  the  membranes 

The  PASCs  were  incorporated  into  the  SPEEK  matrix  to  prepare 
composite  membranes.  The  dispersion  of  submicrocapsules  in  the 
resultant  composite  membranes  was  analyzed  using  FESEM  tech¬ 
nique  as  shown  in  Fig.  3.  Illustrative  micrographs  revealed  that  all 
the  membranes  were  relatively  dense  and  defect-free.  The  PASCs 
were  uniformly  dispersed  into  the  SPEEK  matrix,  which  was  prob¬ 
ably  attributed  to  the  electrostatic  repulsive  force  between  phos¬ 
phonic  acid  groups  during  collision  of  the  PASCs  in  the  membrane 
casting  solution  [34].  Fig.  3b-e  showed  that  the  PASCs  were  partially 
broken  during  freeze-fracture  in  liquid  nitrogen  and  the  lumen 
could  be  clearly  observed  in  the  cross-section  of  the  membranes. 

FTIR  spectra  of  the  membranes  were  shown  in  Fig.  4.  The 
characteristic  peaks  at  1214, 1072  and  1014  cm'1  were  observed  for 
all  the  membranes,  which  were  assigned  to  the  symmetric  and 
asymmetric  0=S=0  stretching  vibration  of  sulfonic  acid  groups 
[35,36],  inferring  the  introduction  of  sulfonic  acid  groups. 
Compared  with  the  SPEEK  control  membrane,  a  new  characteristic 
peak  at  1728  cm"1  was  observed  for  the  composite  membranes, 
which  corresponded  to  the  C=0  stretching  vibration  of  the  PASCs. 
The  intensity  of  the  peak  became  stronger  with  the  increase  of  PASC 
content  in  the  membranes. 


Wave  number  /  cm 


(a) 


Energy  -  keV 


(b) 


Fig.  2.  (a)  FTIR  spectra,  (b)  EDX  (PASCs-1#),  and  (c)  TGA  of  the  PASCs. 
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Table  1 

The  lumen  size,  shell  thickness,  IEC,  zeta  potential,  water  uptake,  P  content  and  — P03H2  loading  amount  of  the  PASCs. 


Sample 

Lumen  size  (nm) 

Shell  thickness  (nm) 

IEC  (mmol  g  a) 

Zeta  potential  (mV) 

Water  uptake  (%) 

P  content  (wt.%) 

— P03H2  loading  amount  (wt.%) 

PASCs-1# 

128  ±  3 

72  ±  3 

0.194 

-51.82 

212.9 

17.8 

46.6 

PASCs -2# 

204  ±4 

85  ±  3 

0.193 

-52.54 

311.5 

17.5 

45.7 

PASCs -3# 

335  ±  5 

90  ±  4 

0.187 

-52.85 

384.3 

18.0 

47.1 

(d)  (e) 

Fig.  3.  FESEM  images  of  the  cross-section  of  (a)  SPEEK,  (b)  SPEEK/PASCs-l#-2.5,  (c)  SPEEK/PASCs-l#-5,  (d)  SPEEK/PASCs-l#-10,  and  (e)  SPEEK/PASCs-l#-15. 


Fig.  5  showed  the  thermal  stability  of  the  membranes  investi¬ 
gated  by  TGA.  Three  distinct  weight  loss  steps  were  observed  for  all 
the  membranes  [37,38]:  water  evaporation  (free  and  bound  water) 
of  the  membranes  (beginning  at  about  100  °C);  the  degradation  of 
sulfonic  acid  groups  (250-370  °C);  the  decomposition  of  the 
polymer  chains  (400-800  °C).  At  the  end  of  the  third  region,  the 
char  yield  of  the  composite  membranes  (e.g.  44.8-41.6%  for  the 
PASC-l#-filled  membranes)  was  lower  than  that  of  the  SPEEK 
control  membrane  (45.3%).  It  was  probably  due  to  the  lower  char 


yield  of  the  incorporating  PASCs-1#  (9.7%)  than  that  of  the  SPEEK 
chains  (45.3%).  It  should  be  pointed  out  that  the  thermal  stability  of 
all  the  membranes  was  high  enough  (above  240  °C)  to  meet  the 
temperature  requirement  for  the  practical  application  of  fuel  cells. 

3.3.  Water  uptake  and  area  swelling  of  the  membranes 

In  the  PEMs,  adequate  water  is  essential  to  efficient  proton 
transfer  via  vehicle  mechanism  and  Grotthuss  mechanism  [35]. 


Wave  number  /  cm 


Fig.  4.  FTIR  spectra  of  the  membranes. 


Fig.  5.  TGA  curves  of  the  membranes. 
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Table  2 

Water  uptake,  area  swelling,  IEC,  methanol  permeability,  and  proton  conductivity  of  the  membranes. 
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Entry 

Membrane 

Water 
uptake  (%)a 

Area 

swelling 

(%) 

IEC  (mmol  g 

Methanol 
permeability 
(lO^7  cm2  s"1) 

Proton 
conductivity 
(S  cm'1)3 

1 

SPEEK 

37.9 

28.2 

1.989 

10.7 

0.0173 

2 

SPEEK/PASCs-l#-2.5 

52.1 

27.3 

1.962 

10.6 

0.0202 

3 

SPEEK/PASCs- 1  #-5 

56.2 

26.2 

1.955 

9.7 

0.0218 

4 

SPEEK/PASCs- 1  #- 1 0 

58.0 

25.2 

1.890 

8.3 

0.0238 

5 

SPEEK/PASCs- 1  #- 1 5 

62.6 

23.3 

1.834 

7.9 

0.0251 

6 

SPEEK/PASCs-2#-2.5 

53.4 

27.3 

1.964 

10.4 

0.0226 

7 

SPEEK/PASCs-2#-5 

57.5 

25.8 

1.960 

9.4 

0.0251 

8 

SPEEK/PASCs-2#-l  0 

60.3 

24.1 

1.872 

8.3 

0.0262 

9 

SPEEK/PASCs-2#-l  5 

65.0 

21.4 

1.817 

7.8 

0.0268 

10 

SPEEK/PASCs-3#-2.5 

54.3 

27.2 

1.956 

10.3 

0.0267 

11 

SPEEK/PASCs-3#-5 

60.6 

26.3 

1.949 

9.4 

0.0277 

12 

SPEEK/PASCs-3#-l  0 

62.8 

24.7 

1.868 

8.0 

0.0286 

13 

SPEEK/PASCs-3#-l  5 

67.0 

21.3 

1.793 

7.8 

0.0292 

a  Water  uptake  and  proton  conductivity  at  25  °C. 


However,  excess  water  content  would  lead  to  extreme  membrane 
swelling,  resulting  in  decreasing  the  dimensional  and  mechanical 
stability  of  the  membrane.  The  water  uptake  and  area  swelling  of 
the  membranes  were  determined  by  measuring  the  changes  in 
membrane  weight  and  area,  respectively  (Table  2).  The  SPEEK 
control  membrane  displayed  water  uptake  of  37.9%  and  area 
swelling  of  28.2%.  In  comparison,  the  PASCs  incorporation  afforded 
enhanced  water  uptake  but  reduced  area  swelling  to  the  composite 
membranes.  For  instance,  with  the  PASC-1#  content  increasing 
from  2.5  to  15  wt.%,  the  water  uptake  of  the  composite  membranes 
increased  from  52.1  to  62.6%,  whereas  the  area  swelling  decreased 
from  27.3  to  23.3%.  Such  phenomenon  was  reasonably  ascribed  to 
the  following  reasons:  (i)  the  PASCs  acting  as  reservoirs  possessed 
high  water  uptake  (e.g.  212.9%  for  PASCs-1#,  Table  1)  and  hence 
rendered  elevated  water  uptake  for  the  PASC-filled  membranes;  (ii) 
the  increased  water  was  located  within  the  submicrocapsules 
rather  than  the  polymer  bulk;  and  (iii)  the  incorporation  of  highly 
cross-linked  PASCs  possessed  low  swelling  degree  in  the  mem¬ 
branes.  These  results  indicated  that  the  water  uptake  enhancement 
of  the  composite  membranes  did  not  sacrifice  their  mechanical 
stability,  and  the  trade-off  between  water  uptake  and  swelling 
resistance  of  PEMs  might  be  solved  in  such  a  facile  way.  For  the 
PASCs  with  similar  shell  thickness,  varying  the  lumen  size  from  128 
to  335  nm  made  an  increase  of  water  uptake  from  212.9  to  384.3% 


(a) 


(Table  1 ).  That  should  be  attributed  to  the  increased  lumen  volume 
per  weight,  which  provided  larger  place  for  water  storage.  As  a 
result,  the  water  uptake  of  the  PASC-filled  composite  membranes 
increased  in  the  order  of  SPEEK/PASCs-l#-X  <  SPEEK/PASCs-2#- 
X  <  SPEEK/PASCs-3#-X  under  identical  conditions. 

3.4.  Water  release  and  water  retention  of  the  PASCs  and  the 
membranes 

To  investigate  the  function  of  water  on  proton  transfer  and 
explore  the  approach  to  high  water-retention  PEMs,  the  dynamic 
water  release  and  water  retention  of  the  PASCs  and  the  membranes 
at  40  °C  and  20%  RH  were  measured,  as  shown  in  Figs.  6  and  7.  The 
relative  water  release  slopes  (Fig.  6a),  suggested  that  the  water  loss 
rate  of  the  PASCs  increased  with  the  lumen  size  increase.  The  slopes 
for  PASCs-1#,  PASCs-2#,  and  PASCs-3#  were  0.0320,  0.0348  and 
0.0447,  respectively,  and  the  water  releases  were  23.3,  25.0  and 
32.4%  after  700  min  testing.  It  was  ascribed  to  that  when  water  was 
stored  in  a  limited  space,  its  vapor  pressure  obeyed  Kelvin  and 
Young-Laplace  equations  [19,39].  Therefore,  larger  lumen 
enhanced  the  vapor  pressure  and  the  consequent  chemical  po¬ 
tential  of  adsorbed  water.  Fortunately,  three  kinds  of  PASCs  all 
showed  relative  slower  water  release  rate  when  compared  with 
other  polymeric  microcapsules  (e.g.  water  release  slopes  of  sulfonic 


Fig.  6.  (a)  Water  release,  (b)  water  retention  of  the  PASCs  as  a  function  of  time  at  40  °C  and  20%  RH. 
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Fig.  7.  (a),  (b)  Water  release,  and  (c),  (d)  water  retention  of  the  membranes  as  a  function  of  time  at  40  °C  and  20%  RH. 


acid  and  imidazole  polymeric  microcapsules  being  0.055  and  0.053, 
respectively)  [13,14].  Such  results  indicated  that  phosphonic  acid 
on  the  PASCs  had  a  strong  affinity  toward  water  molecules,  thereby 
holding  more  water  molecules  in  bound  water  state  and  retarding 
water  release.  Fig.  7a,  b  exhibited  that  water  release  of  all  the 
membranes,  at  40  °C  and  20%  RH,  followed  similar  processes:  rapid 
evaporation  of  free  water  as  the  first  step  (0-30  min);  slow  water 
evaporation  of  bound  water  as  the  second  step  (from  33  to  90  min). 
The  incorporating  of  PASCs  retarded  water  release  from  94.7%  for 
the  SPEEK  control  membrane  to  the  range  of  90.0-83.8%  for  the 
PASC-l#-filled  membranes  (Fig.  7a).  For  the  three  kinds  of  the 
PASC-filled  composite  membranes,  the  water  release  reduced  in  the 
order  of  SPEEK/PASCs-l#-X  >  SPEEK/PASCs-2#-X  >  SPEEK/PASCs- 
3#-X  under  the  identical  conditions  (Fig.  7b),  which  was  in  agree¬ 
ment  with  the  order  of  water  loss  rate  of  the  fillers. 

Water  retention  of  the  PASCs  and  the  membranes  was  presented 
in  Fig.  6b  and  Fig.  7c, d.  Both  water  release  rate  and  water  uptake 
increased  with  the  increase  of  the  lumen  size.  As  a  result,  PASCs-3# 
exhibited  higher  water  retention  than  PASCs-1#  within  the  testing 
time.  For  the  membranes,  the  SPEEK  control  membrane  suffered 
from  fast  water  loss,  resulting  in  the  lowest  water  retention  (2.0%) 
after  90  min  testing.  In  comparison,  the  incorporation  of  PASCs 
significantly  improved  water  retention  properties  of  the 


membranes,  and  up  to  10.6%  water  retention  was  obtained  for  the 
SPEEK/PASCs-l#-15  composite  membrane.  The  elevated  water 
retention  properties  of  the  composite  membranes  were  ascribed  to 
the  high  water-affinity  of  the  PASCs  wherein  water  molecules  were 
fixed  onto  the  shell  by  hydrogen  bonds  between  water  and  phos¬ 
phonic  acid  groups.  During  dehydration  of  the  membranes  under 
low  humidity,  the  PASCs  served  as  water  reservoirs  and  continually 
released  water  into  the  membranes  to  maintain  the  bulk  water 
environment.  For  the  composite  membranes,  the  SPEEK/PASCs-1#- 
X  displayed  higher  water  retention  than  SPEEI</PASCs-3#-X  under 
identical  conditions,  most  probably  arising  from  the  lower  water 
loss  rate  of  the  PASCs-1#. 

3.5.  IEC  and  proton  conductivity  of  the  membranes 

IEC  was  an  important  parameter  for  directly  reflecting  the 
available  proton-conducting  sites  in  PEMs.  High  IEC,  indicating  the 
more  proton  carrier  sites  of  the  membrane,  was  necessary  for  high 
proton  conductivity.  IEC  values  of  the  samples  were  determined  by 
titration,  as  shown  in  Tables  1  and  2.  The  IEC  of  the  SPEEK  control 
membrane  was  1.989  mmol  g-1.  In  comparison,  increasing  the 
PASC-1#  content  from  2.5  to  15  wt.%  decreased  the  membrane  IEC 
from  1.962  to  1.834  mmol  g-1.  Such  phenomenon  can  be  attributed 
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(a)  (b) 


Fig.  8.  (a),  (b)  Proton  conductivity  of  the  membranes  as  a  function  of  time  at  40  °C  and  20%  RH. 


to  the  incorporation  of  PASCs,  which  diluted  the  concentration  of 
sulfonic  acid  groups  due  to  lower  IEC  values  compared  with  SPEEK 
chains. 

Proton  conductivity  was  one  of  the  critical  parameters  for  a 
PEM  and  high  proton  conductivity  could  afford  a  fuel  cell  high 
operational  fuel  cell  voltage  and  current  output.  The  proton  con¬ 
ductivity  of  the  membranes  was  listed  in  Table  2.  The  SPEEK 
control  membrane  showed  a  proton  conductivity  of  0.0173  S  cm-1 
at  25  °C  and  100%  RH.  In  comparison,  incorporating  PASCs 
enhanced  the  proton  conductivity  of  the  composite  membranes. 
For  example,  increasing  the  PASC-1#  content  from  2.5  to  15  wt.% 
elevated  the  proton  conductivity  from  0.0202  to  0.0251  S  cm"1. 
Moreover,  the  proton  conductivity  of  the  SPEEK/PASCs-3#-X 
composite  membrane  was  higher  than  that  of  the  SPEEK/PASCs- 
1#-X  composite  membrane  with  the  same  filler  content.  The 
enhancement  in  proton  conductivity  could  be  interpreted  as  fol¬ 
lows:  (i)  although  the  PASCs  incorporation  reduced  the  membrane 
IEC  values,  which  might  reduce  Grotthuss-type  proton  transfer, 
the  PASCs  elevated  water  uptake  of  the  membranes,  which 
increased  proton  conductivity  via  vehicle  mechanism  by 
increasing  hydronium  ions  and  via  Grotthuss  mechanism  by 
dissociating  sulfonic  acid  groups;  (ii)  amphoteric  phosphonic  acid 
groups  on  the  PASC  shell  could  also  offer  fast  proton  hopping  by 
forming  hydrogen-bond  networks.  The  above  results  indicated 
that  the  proton  conductivity  showed  stronger  dependence  on 
water  content  than  the  IEC  values  and  the  filler  sizes  in  the 
membranes  at  25  °C  and  100%  RH. 

To  better  correlate  water  retention  and  proton  conductivity, 
proton  conductivity  as  a  function  of  time  at  40  °C  and  20%  RH  was 
measured.  Fig.  8  revealed  that  all  the  membranes  displayed  a 
decline  in  proton  conductivity  within  the  testing  time,  which 
further  manifested  that  the  strong  dependence  of  proton  conduc¬ 
tivity  on  water  in  the  membranes.  The  proton  conductivity  of  the 
SPEEK  control  membrane  declined  significantly  from  0.0181  to 
0.0011  S  cm"1  after  90  min  testing,  with  a  reduction  of  94%. 
Encouragingly,  the  PASC-filled  composite  membranes  exhibited 
slower  reduction  in  proton  conductivity.  For  instance,  the  proton 
conductivity  was  only  reduced  by  70%  (from  0.0223  to 
0.0067  S  cm-1).  67%  (from  0.0251  to  0.0082  S  cm-1),  65%  (from 
0.0263  to  0.0092  S  cm-1),  and  52%  (from  0.0293  to  0.0142  S  cm-1) 
when  2.5-15  wt.%  PASCs-1#  were  incorporated.  The  elevated  water 


retention  of  membranes  might  account  for  the  high  proton  con¬ 
ductivity  under  low  humidity.  Meanwhile,  the  high  degree  of  self¬ 
dissociation  and  amphoteric  features  of  phosphonic  acid  groups 
might  assist  Grotthuss-type  proton  transfer  by  offering  the  dy¬ 
namic  hydrogen-bond  networks  under  low  humidity,  even  in 
anhydrous  state. 

3.6.  Methanol  permeability  of  the  membranes 

Due  to  its  high  cell  efficiency,  simple  system  design  and  low 
environmental  pollution,  the  direct  methanol  fuel  cell  (DMFC)  has 
stimulated  great  interest  as  one  kind  of  promising  PEMFC  [40].  To 
diminish  the  mixed  potential  effect  and  catalyst  poisoning,  a  good 
methanol  barrier  property  (methanol  permeability  <  10-6  cm2  s-1) 
is  essentially  desired  for  the  PEM  used  in  a  DMFC  [41  ].  In  order  to 
explore  methanol  barrier  property  of  the  composite  membranes, 
the  methanol  permeability  of  the  membranes  at  room  temperature 
was  measured  and  the  results  were  listed  in  Table  2.  The  methanol 
permeability  of  the  SPEEK  control  membrane  was 
10.7  x  10  7  cm2  s-1,  which  was  much  lower  than  that  of  Nation  117 
(31.4  x  10-7  cm2  s^1)  [34].  Compared  with  the  SPEEK  control 
membrane,  the  composite  membranes  displayed  improved  meth¬ 
anol  barrier  property.  Increasing  the  filler  content  could  endow  the 
composite  membranes  with  gradually  decreased  methanol 
permeability  (e.g.  10.6-7.9  x  10^7  cm2  s-1  for  the  PASC-l#-filled 
membranes).  The  improvement  of  methanol  barrier  property 
should  be  ascribed  to  the  presence  of  the  highly  cross-linked  PASCs, 
which  prolonged  the  pathways  of  methanol  transport  and 
increased  the  methanol  diffusion  barrier.  Similar  observations  have 
been  reported  in  other  microcapsule-filled  composite  membranes 
[15]. 

4.  Conclusion 

In  this  study,  phosphonic  acid  polymeric  submicrocapsules  with 
tunable  lumen  sizes  were  synthesized  and  incorporated  into  the 
SPEEK  matrix  to  prepare  composite  membranes.  The  PASCs  served 
at  least  dual  functions:  the  lumen  and  the  shell  of  the  sub¬ 
microcapsules  endowed  the  membranes  with  enhanced  water 
uptake  and  water  retention  properties;  the  phosphonic  acid  groups 
on  the  shell  introduced  adequate  amphoteric  proton  carriers,  and 
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thus  enhanced  the  proton  transfer  via  vehicle  and  Grotthuss 
mechanisms.  Consequently,  the  PASC-filled  composite  membranes 
acquired  higher  proton  conductivity  than  the  SPEEK  control 
membrane.  In  particular,  the  composite  membrane  filled  with 
15  wt.%  PASCs-1#  exhibited  the  highest  proton  conductivity  of 
0.0142  S  cm-1  at  40  °C  and  20%  RH  after  90  min  testing,  about 
twelve  times  higher  than  that  of  the  SPEEK  control  membrane. 
Moreover,  the  composite  membranes  showed  lower  methanol 
permeability  (10.6-7.9  x  10-7  cm2  s_1)  than  Nation  117 
(31.4  x  10-7  cm2  s-1).  Considering  their  facile,  controlled  synthesis 
procedure,  superior  water  retention  and  proton  conduction  prop¬ 
erties,  the  PASCs  may  be  utilized  as  an  efficient  water-retention  and 
proton-conduction  materials  in  diverse  energy  and  environment 
relevant  fields. 
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